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Summary
Background: Integral to the function and morphology of
the epithelium is the lattice of cell-cell junctions known as
adherens junctions (AJs). AJ stability and plasticity relies on
E-Cadherin exocytosis and endocytosis. A mechanism
regulating E-Cadherin (E-Cad) exocytosis to the AJs has impli-
cated proteins of the exocyst complex, but mechanisms
regulating E-Cad endocytosis from the AJs remain less well
understood.
Results:Here we show that Cdc42, Par6, or aPKC loss of func-
tion is accompanied by the accumulation of apical E-Cad
intracellular punctate structures and the disruption of AJs in
Drosophila epithelial cells. These punctate structures derive
from large and malformed endocytic vesicles that emanate
from the AJs; a phenotype that is also observed upon blocking
vesicle scission in dynamin mutant cells. We demonstrate
that the Drosophila Cdc42-interacting protein 4 (Cip4) is a
Cdc42 effector that interacts with Dynamin and the Arp2/3
activator WASp in Drosophila. Accordingly, Cip4, WASp, or
Arp2/3 loss of function also results in defective E-Cadherin
endocytosis.
Conclusion: Altogether our results show that Cdc42 functions
with Par6 and aPKC to regulate E-Cad endocytosis and define
Cip4 and WASp as regulators of the early E-Cad endocytic
events in epithelial tissue.
Introduction
Once formed, adherens junction (AJ) maintenance and plastic-
ity is essential for the homeostasis and morphogenesis of ep-
ithelial tissues, and disruption of AJ in tissues is a hallmark of
many late-stage cancers. AJ maintenance and plasticity de-
mands polarized E-Cadherin (E-Cad) exocytosis and endocy-
tosis at AJs [1]. E-Cad directs its own delivery to the AJs via
b-catenin and the exocyst [2, 3]. In cell-culture systems,
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602, 3000 Leuven, BelgiumE-Cad endocytosis depends upon Dynamin activity and has
been mostly studied upon Ca2+ depletion in order to trigger
massive E-Cad endocytosis as a model of the epithelial-
mesenchyme transition [4–7]. In Drosophila dynamin mutant
epithelial tissues, E-Cad accumulates in the cytoplasm and
AJ stability is disrupted, indicating that E-Cad endocytosis is
indeed regulated in epithelial tissues and is necessary for ep-
ithelial cell-polarity maintenance [8, 9]. In a cell-free E-Cad en-
docytic assay, E-Cad endocytosis can be blocked by the
addition of RhoGDI, a negative regulator of the Rho family
members, suggesting that Cdc42 or Rac regulate E-Cad endo-
cytosis [10]. However, the relationship between Cdc42 or Rac
and Dynamin in the control of E-Cad endocytosis remains to
be understood. In epithelial tissues, Cdc42 is part of the Par
complex, composed of Bazooka (Baz), Par6, and aPKC, which
act as central regulators of cell polarity [11]. In both mamma-
lian cell lines and C. elegans embryos, Cdc42-Par complex
members have also recently emerged as important regulators
of endocytosis either at the plasma membrane or in the endo-
somal compartment via as-yet-unknown downstream effec-
tor(s) [12–14]. Hence, the exact function of the Cdc42-Par
complex in endocytosis as well as its effectors remains to be
identified in epithelial tissues.
Results
Apical-Marker Localizations Are Distinctly Affected
by Loss of Cdc42 Function
Overexpression of dominant-negative and constitutively ac-
tive Cdc42 forms has shown a role for Cdc42 in the regulation
of polarity establishment in the early Drosophila embryo [15].
To determine whether Cdc42 is required for the maintenance
of epithelial cell polarity, we analyzed its loss-of-function phe-
notype in the epithelium of the dorsal thorax (notum). Somatic
cdc42mutant clones (marked by loss of nuclear localized GFP,
nls-GFP, expression) were generated with the FLP/FRT sys-
tem [16]. The localization of (1) the apical markers Crumbs
(Crb) and Patj, (2) the subapical markers Bazooka (Baz),
Par6, and aPKC, (3) the AJ markers, E-Cad, Armadillo (Dro-
sophila b-catenin, Arm), and Echinoid (Ed, an AJ transmem-
brane protein [17]), and (4) the basolateral markers Lgl and
FasIII were determined. The cortical localizations of apically
located markers were distinctively affected in cdc42 mutant
clones and could be grouped into three categories: (1) Crb
and Patj accumulated in large structures close to the cell cor-
tex (Figures 1A and 1A0). (2) E-Cad, Arm, Baz, and Ed appeared
as punctate structures in the apical cytoplasm. The cortical
stainings for each of these proteins displayed a variable thick-
ness at the apical cortex compared with the control tissue,
with both thicker and thinner areas including gaps (Figures
1B–1C00 0). Baz and Ed punctae often colocalized with or were
closely apposed to intracellular punctae marked by E-Cad or
Arm (Figure 1C00 0 and not shown). These ectopic structures
however did not colocalize in general with the large apical
structures marked by Crb or Patj (Figure 1D and not shown).
(3) Finally, Par6 and aPKC were lost from the cell cortex and
were diffusely localized in the cytoplasm (Figures 1E and
1E0). In contrast to the apically located markers, the
Current Biology Vol 18 No 21
1640localizations of the basolateral markers, Lgl and FasIII, were
not affected in cdc42 mutant clones (Figures 1F and 1G). We
conclude that loss of Cdc42 function disrupts the localization
of apical and AJ cell-polarity markers tested. Moreover, cdc42
mutant cells were characterized by a smaller cell apex, which
reflected their partial delamination from the epithelium.
Cdc42-Par6-aPKC Regulates E-Cadherin Localization
and AJ Stability
Because Cdc42 and Rich1 GAP had already been implicated in
the regulation of the apical proteins Patj and Crumbs [13], we
Figure 1. Cdc42 Regulates E-Cadherin and
Apical-Marker Localizations
Confocal immunodetection on fixed tissue in the
plane of the AJs. Mutant clonal epithelial cells
were identified by the absence of nls-GFP (not
shown) and are outlined with a white dotted line.
(A–G) Localization of Crb (green in [A]), Patj (red in
[A0]), E-Cad (red in [B]), Arm (green in [C]), Baz
(blue in [C0]), and Ed (red in [C00]) in cdc42 mutant
cells. The intracellular punctate structures con-
tain Ed, Arm, and Baz, all of which colocalize
(merge [C00 0]).
(D) Intracellular Crb (green) accumulation does
not colocalize abundantly with Ed (red). The inset
shows a higher magnification of the square re-
gion outlined in white.
(E and E0) Localization of Par6 (red in [E]) and
aPKC (green in [E0]) in cdc42 mutant cells.
(F and G) Localization of basolateral markers Lgl
(red in [F]) and FasIII (red in [G]) is normal in cdc42
mutant cells, although the cortical staining of
FasIII is sometimes slightly enhanced when cells
are severely constricted and partially delami-
nated (not shown).
(H–J) Localization of E-Cad (red) in par6 (H),
aPKC (I), and baz (J) mutant cells. Arrows in (B)
and (H)–(I) indicate E-Cad intracellular punctate
structures. The white circle shows the thickening
of cortical E-Cad. The dotted circle shows the
gap in cortical E-Cad. Arrows in (C)–(C00 0) indicate
colocalized Arm, Baz, and Ed intracellular punc-
tate structures. Scale bars for all panels repre-
sent 5 mm.
concentrated on analyzing in more detail
how Cdc42 controls E-Cad localization.
To determine whether Cdc42 functions
in conjunction with the Par complex to
regulate E-Cad localization and junction
stability, we analyzed E-Cad localization
in aPKC, par6, and baz mutant cells. In
aPKC and par6 mutant cells, E-Cad cor-
tical-localization defects and apical con-
striction were observed (Figures 1H and
1I) similar to what was found in cdc42
mutant cells. Punctate E-Cad structures
accumulated in 42% (n = 38) of aPKC
cells and 52% (n = 58) of par6 cells. In
contrast, in baz null mutant cells, E-Cad
localization and the localization of all
other cell-polarity markers tested (Crb,
Arm, Ed, Lgl, and FasIII) were unaffected
with the exception of aPKC, which was
diminished at the cortex (Figure 1J and
Figures S1A–S1E available online).
Thus, in contrast to Par6 and aPKC, whose loss-of-function
phenotypes are identical to the ones of Cdc42, Baz is not re-
quired for the maintenance of epithelial cell polarity. This find-
ing is in agreement with reports showing that Baz can function
independently of the Cdc42-Par6-aPKC complex [11, 18, 19]
and indicates that the role of Cdc42, Par6, and aPKC in
E-Cad localization is unlikely to depend upon the activity of
known regulators or effectors of Baz in mammalian cells such
as Rho-Kinase, the Rac GEF Tiam, and Numb [20, 21, 14, 22].
Because Cdc42, aPKC, and Par6 loss of function display
identical phenotypes on fixed tissue, we conclude that they
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1641act together in the regulation of E-Cad localization. We then
took advantage of a functional E-Cad-GFP [23] to analyze by
time-lapse confocal microscopy the dynamics of E-Cad-GFP
and AJ disruption upon Cdc42 loss of function. In agreement
with the data obtained on fixed tissue, cdc42 mutant clones
exhibited E-Cad-GFP apical punctate accumulations (Figures
Figure 2. Cdc42-Par6-aPKC Regulates E-Cad
Endocytosis
(A) Time-lapse imaging of cdc42 mutant cells in
a notum expressing ubiquitously E-Cad-GFP in
the plane of the AJs. Confocal images were ac-
quired every 10 min starting at 16 hr after pupa
formation (0 min); time is indicated in minutes in
the upper-right corner. cdc42 mutant clones
were identified by loss of nls-GFP signal. Note
that surrounding control cells exhibited some
nls-GFP signal or cytoplasmic signal during divi-
sion (see Figure S3A for localization of E-Cad in
wild-type cells in absence of nls-GFP).
(B–B00) Localization of Rab11 (green in [B] and
[B00]) in cdc42 mutant cells. Intracellular accumu-
lation of Rab11 modestly colocalizes with E-Cad
(red in [B0] and [B00]) intracellular punctate struc-
tures (colocalization is indicated by arrow heads;
no colocalization is indicated by arrows in [B00]).
(C–D0) Localization of Lva (green in [C]) and Rab5
(green in [D] and [D0]) in cdc42. Lva is localized
w8 mm below the apical region of the cells. Intra-
cellular accumulation of Rab5 only partially co-
localizes with E-Cad intracellular punctate struc-
tures (red in [D0]).
(E) Schematic representation of the endocytosis
assay. A longitudinal view of wing-disc epithelial
cells in black outline (with circular nuclei) is
shown. E-Cad is shown in gray on the apical
membrane above the septate junctions. Cy-3-
labeled E-Cad antibodies have immediate access
to the apical region of the epithelial cells in which
they can bind to E-Cad at 4C. After binding, Cy3-
E-Cad can be followed by live imaging at 25C.
(F and G) Cy3-anti-E-Cad (red in [F] and [G]) in
wild-type and cdc42 mutant cells allowing
a chase at 25C of 0 min (F) and 30 min (G).
Arrows indicate endocytosed Cy3-E-Cad punc-
tate structures. Time is indicated in minutes in
the upper-right corner of the panels.
(H and I) Rapid time-lapse microscopy on E-Cad-
GFP (green) in cdc42 mutant cells (H) and shits
mutant cells at restrictive temperature (I) in the
notum. Arrows in (H) and (I) mark the tubular
structures that detach from the cortex to form
a punctate structure (indicated by arrowheads).
Time is indicated in seconds in the upper-right
corner of the images.
(J–J00 0) Localization of Arm (red in [J]), Baz (green
in [J0]), and Ed (blue in [J00]) in cdc42 mutant epi-
thelial cells (notum). All proteins colocalize in
the tubular structures ([J00 0], arrow). Scale bars
for all panels represent 5 mm.
S3A and S3B). Nevertheless, the punc-
tate accumulations were more readily
observed by live imaging (80% in
50 clones versus 49% in 75 clones on
fixed tissues, suggesting that such
punctate structures are labile upon tis-
sue fixation). Furthermore, as observed
on fixed tissues, cdc42 loss of function
affected E-Cad-GFP cortical localization
and apex size (Figure 2A). As seen on fixed tissue, we also ob-
served cdc42mutant cells harboring no or only a moderate ac-
cumulation of E-Cad-GFP and displaying a normal junctional
E-Cad-GFP localization (20% of the cdc42 mutant clones,
n = 50). Such clones were followed by time-lapse microscopy
for several hours. Strikingly, over time, these cells first
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a thinning and thickening of the cortical E-Cad-GFP. On aver-
age, a cdc42mutant cell started displaying a consistent reduc-
tion in apex size 71 6 45 min after the appearance of E-Cad
punctae (n = 15, Figures S2A–S2C and Movie S1); and it ex-
hibited 12 6 3 zones of thinning or thickening of cortical
E-Cad-GFP when its apex size had reduced in area by 1.5-
fold (n = 10). cdc42 mutant cells eventually delaminated as
monitored by long-term imaging (Movie S2). Altogether, the re-
sults indicate that loss of Cdc42 function causes a punctate
accumulation of E-Cad in the apical domain of epithelial cells
followed by the destabilization of AJs and apex-size reduction,
ultimately leading to cell delamination.
Cdc42 Loss of Function Affects E-Cadherin Endocytic
Trafficking
To understand the role of Cdc42, Par6, and aPKC in the regu-
lation of AJ protein localization, we focused on the accumula-
tion of E-Cad in apical punctate structures. This phenotype is
reminiscent of the loss of exocyst function, in which defects in
E-Cad exocytosis to the basolateral domain are associated
with an intracellular accumulation of E-Cad within an enlarged
apical Rab1- positive compartment [2, 8, 7]. However, a puta-
tive role for Cdc42 in the regulation of E-Cad exocytosis was
ruled out by the following observations: First, the punctate
E-Cad structures observed in exocyst mutant cells (sec5,
sec6, or sec15 mutant cells) were smaller and more abundant
in comparison to the ones observed in cdc42mutant cells (Fig-
ures S3B and S3C and not shown). Second, although Rab11
accumulated in cdc42 mutant cells (Figure 2B) and E-Cad
very modestly accumulated in the enlarged Rab11-positive
compartment (Figures 2B–2B00), E-Cad was correctly delivered
to the basolateral domain of cdc42 epithelial cells, as deter-
mined by E-Cad antibody binding assay (Figures S3D and
S3E); accordingly, the exocyst component Sec5 was not mis-
localized in cdc42 mutant cells (Figure S3F). Third, in contrast
to results observed in yeast [24], no direct or indirect interac-
tion was detected between the exocyst components Exo70,
Sec5, or Sec15 and Cdc42GTP or Cdc42GDP (not shown). Al-
together, these results indicate that the apical accumulation of
E-Cad in cdc42 mutant cells is not caused by defects in exo-
cyst-mediated E-Cad delivery from the Rab11-positive endo-
somes to the basolateral domain of epithelial cells.
Although the loss of Cdc42 function did not affect the local-
ization of the Golgi marker Lava-Lamp (Lva, Figure 2C), it did
result in the enlargement of the Rab5- and Rab11-positive en-
dosomal compartments (Figures 2B–2B00, 2D, and 2D0) sug-
gesting a role for Cdc42 in endocytic trafficking. Apical endo-
cytic trafficking can be analyzed with antibody internalization
assays in wing imaginal-disc epithelial cells [25, 26]. cdc42
clones in the wing discs displayed the same phenotype as
the one observed in the notum. We therefore performed endo-
cytosis assays on cdc42 clones using a Cy3 fluorescently la-
beled E-Cad antibody (Cy3-anti-E-Cad, Figure 2E). Upon bind-
ing of the Cy3-E-Cad antibody at 4C, Cy3-anti-E-Cad
colocalized with the E-Cad-GFP apical cortical signal in both
wild-type and cdc42 mutant cells (Figure 2F and not shown).
Punctate structures were not observed in cdc42 mutant cells
at 4C (Figures 2F and 4K). After a 30 min chase at 25C (a tem-
perature permissive for endocytosis), large Cy3-anti-E-Cad
apical punctate structures were only observed in the cdc42
mutant epithelial cells (Figures 2G and 4K). This demonstrated
that E-Cad large punctate structures observed in cdc42 mu-
tant cells are likely to be enlarged endocytic-like vesiclesthat emanate from the AJs. This abnormal accumulation of
Cy3-E-Cad antibody in cdc42 mutant cells indicates that
Cdc42 regulates the endocytic trafficking of E-Cad from the
AJs.
Loss of Cdc42 Leads to Tubular E-Cadherin Vesicle
Formation at the AJs
To determine at which step E-Cad endocytosis is affected by
loss of Cdc42 function, we then performed rapid time-lapse
microscopy to follow E-Cad-GFP dynamics at the AJs. In
cdc42 mutant cells, E-Cad-GFP was associated with either
elongated or globular structures at the AJs (Figures 2H and
4J). These elongated or globular E-Cad-GFP structures subse-
quently detached from the AJs and accumulated as E-Cad-
GFP vesicles in the apical region of the cells. Such structures
were very rarely observed in wild-type tissue (as quantified in
Figure 4J and Figure S4A). The formation of long E-Cad tubular
structures associated with the AJs may indicate that vesicle
scission is affected in the absence of Cdc42, thus leading to
the endocytosis defect. Indeed, long tubular extensions are
observed upon blockade of Dynamin function in mammalian
andDrosophila cells [27, 28], and E-Cad was previously shown
to accumulate intracellularly in thermosensitive Drosophila
dynamin (shibire, shits) mutant cells at restrictive temperature
[9]. Accordingly, tubular E-Cad structures were observed in
shits mutant cells at restrictive temperature (Figure 2I). None-
theless such long tubular structures often failed to break in
shits mutant cells at restrictive temperature, in agreement
with the requirement of Dynamin in vesicles scission. As for
the colocalization of Baz, Ed, and Arm in ectopic punctate
structures in cdc42 mutant cells, a closer examination of fixed
tissues revealed that Arm, Ed, and Baz can also be found in cor-
tical tubular structures in cdc42 mutant cells (Figures 2J–2J00 0).
DrosophilaCip4 Is a Cdc42 Effector and Interacts with Both
WASp and Dynamin
The observation that Cdc42 loss of function is associated with
a possible defect in E-Cad-GFP vesicles scission prompted us
to analyze the roles of the Pombe Cdc15 Homology (PCH) fam-
ily protein members in the regulation of E-Cad endocytosis.
PCH family members are involved in actin-cytoskeleton reor-
ganization and endocytosis [29]. Most PCH family proteins
harbor an Extended FER-Cip4 domain (EFC, Figure 3A) that
binds phosphatidylserine- or PIP2-containing membranes
and a SH3 domain that binds both Dynamin and N-WASp
[29]. Among PCH family members, the vertebrate homolog of
the Cdc42-interacting protein 4 (Cip4) interacts with Cdc42
via its HR1 domain and was shown to regulate EGF uptake in
COS cells [30]. We first established that Drosophila Cip4 is
an effector of Cdc42 by demonstrating that it specifically binds
to GST-Cdc42 loaded with GTP-gS and that its HR1 domain is
necessary for its interaction with an active Cdc42 mutant form
(Cdc42V12) in two-hybrid assays (Figures 3A and 3B). Further-
more, Drosophila Cip4 can form a complex with either WASp
or Dynamin, given that Drosophila GFP-Cip4 can be coimmu-
noprecipitated with WASp and Dynamin from Drosophila S2
cell extracts (Figure 3C and Figure S4B).
Cip4, WASp, and Arp3 Regulate E-Cadherin Endocytosis
To analyze a putative role of Cip4 in the regulation of E-Cad en-
docytosis, we used the expression of two distinct cip4 dsRNAs
targeting different region of the cip4 gene; such an expression
strongly reduced the level of Cip4 protein (Figure S4C).
Strikingly, in cells expressing either one of the cip4 dsRNA
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lated in apically located punctate structures that were similar
in shape and size to the ones observed upon loss of Cdc42
function (Figures 3D and 4I). Furthermore, such punctate struc-
tures were labile upon fixation as observed in cdc42 mutant
cells. Upon binding and chase, Cy3-E-Cad antibody-positive
punctate structures accumulated in the apical region of epithe-
lial cells of cip4RNAi tissue (Figures 3E, 3F, and 4K). Further-
more, E-Cad-GFP-positive elongated malformed structures
formed at the cortex and subsequently detached in cip4RNAi
cells (Figures 3N and 4J). We therefore conclude that the
loss of Cip4 function results in E-Cad-endocytosis defects
similar to the ones observed in cdc42 mutant cells.
Cip4 is enriched at the cell cortex where it partially colocal-
izes with aPKC and E-Cad (Figures 3G–3G00 0). Its cortical local-
ization is strongly affected in approximately half of the cdc42
mutant clones in which Cip4 seems to accumulate into the cy-
toplasm (Figure 3H). In agreement with the apical accumula-
tion of E-Cad in par6 and aPKC mutant cells, Cip4 localization
was also affected in par6 or aPKC mutant cells (Figure 3I and
not shown). Furthermore, E-Cad-GFP accumulation was ob-
served in cip4RNAi, cdc42 mutant cells formally excluding
that E-Cad endocytic defects in cdc42mutant cells are caused
by mislocalization or accumulation of Cip4 (Figures 3J and 4I).
We therefore propose that Cip4 acts downstream of Cdc42-
Par6-aPKC to regulate E-Cad endocytosis. Accordingly,
aPKC localization was normal in cip4RNAi cells, strongly
arguing that Cdc42 activity is unaffected in cip4RNAi cells
(Figure 3K). Finally, Rab11 localization is only slightly in-
creased and Crb remains localized at the cell cortex in cip4RNAi
cells (Figures 3L and 3M). Because cip4RNAi cells display phe-
notypes similar to those of cdc42 mutant cells with respect to
E-Cad endocytosis, these results indicate that E-Cad-endocy-
tosis defects observed in cdc42 mutant cells are unlikely to be
only an indirect consequence of the mislocalization of Crb or
aPKC and the accumulation of the Rab11-positive endosomal
compartments.
We then analyzed whether WASp and its effector, the Arp2/3
complex, participate in E-Cad endocytosis. We observed that
partial loss of function of either WASp or Arp3 led to E-Cad-
GFP accumulation in apically located punctate structures
(Figures 4A, 4D, and 4I). Furthermore, E-Cad endocytosis ap-
peared defective in wasp and arp3 mutant cells as demon-
strated by Cy3-anti-E-Cad endocytosis assays (Figures 4B,
4C, 4E, 4F, and 4K). WASp loss of function was associated
with the formation of E-Cad-GFP-positive tubular structures
emanating from the AJs (Figures 4G and 4J). We further eluci-
dated the endocytic nature of the elongated globular struc-
tures by analyzing the endocytosis of Cy3-E-Cad antibody in
arp3mutant tissue with rapid time-lapse microscopy. In agree-
ment with the observation made with E-Cad-GFP in cdc42,
wasp and cip4RNAi mutant cells, we observed that in arp3 mu-
tant cells tubular structures positively marked by Cy3-E-Cad
antibody formed at the cortex upon chase at 25C and subse-
quently detached as punctate structures (Figure 4H). Finally,
there was no abnormal Rab11 accumulation and both Crb
and aPKC remained localized at the cell cortex in arp3 mutant
cells (Figures S4D and S4E).
Taken together, our results demonstrate that Cip4, WASp,
and Arp3 regulate E-Cad endocytosis in epithelial cells. The
phenotype of either cip4RNAi or wasp mutant cells is less se-
vere than the ones observed in cdc42, par6, or aPKC mutant
cells. Although we cannot exclude that these differences are
in part due to the hypomorphic nature of cip4 and wasp allelesused, we analyzed the phenotype of the cip4RNAi,waspmutant
cells by endocytic assays. Strikingly, we observed that
cip4RNAi, wasp mutant cells are characterized by a stronger
defect in E-Cad endocytosis than either single-mutant cells
(Figure 4K). Furthermore, although the interaction between
Cdc42 and Wasp was shown to be dispensable in the context
of Notch signaling during sensory-organ development [31],
a wasp mutant form (waspHD) that is unable to interact with
Cdc42 [31] fails to rescue the wasp mutant endocytic defects,
indicating that the interaction between Cdc42 and Wasp is
necessary in the context E-Cad endocytosis (Figure 4K). We
therefore propose that Cip4 and WASp act downstream of
Cdc42-Par6-aPKC to regulate E-Cad endocytosis via the
Arp2/3 complex and Dynamin.
Discussion
Cdc42 has been implicated in the regulation of polarity estab-
lishment in the early Drosophila embryo [15]. The function was
shown to be dependent upon the interaction of Cdc42 with the
Baz-Par6-aPKC complex that promotes the exclusion of Lgl
through Lgl phosphorylation by aPKC. However, the role of
Cdc42 in epithelial tissue is unlikely to depend only on its reg-
ulation of aPKC because aPKC was shown to be dispensable
for apico-basal polarity establishment in the Drosophila em-
bryo [19]. The role of Cdc42 in mammalian epithelial cells has
so far been examined by the expression of constitutively active
and dominant-negative forms of Cdc42, and such an examina-
tion has led to conflicting results in establishing the exact role of
Cdc42 in apico-basal polarity maintenance [32, 33]. Nonethe-
less, they point toward an important role of Cdc42 in the regu-
lation of polarized trafficking. The possible role of Cdc42 in po-
larized trafficking in epithelial cells was further strengthened by
the identification of Cdc42 and the Par complex as regulators of
endocytosis in both mammalian cells and C. elegans [12]. Nev-
ertheless, the precise role of Cdc42 and the Par complex in the
regulation of endocytosis has remained poorly understood ex-
cept in migrating cells in which the Par complex was shown to
inhibit integrin endocytosis via Numb [14].
Here, we find that Cdc42 and its effector Drosophila Cip4
regulate E-Cad endocytosis and that their loss of function is
associated with the formation of long tubular endocytic struc-
tures similar to what is observed upon blocking Dynamin func-
tion. We therefore propose that in Drosophila epithelial cells,
Cdc42 controls the early steps of E-Cad endocytosis via
Cip4. Because Cdc42, aPKC, and Par6 loss of function are as-
sociated with similar defects in E-Cad and Cip4 localization,
we favor a simple model in which the loss of aPKC or Par6 ac-
tivity disrupts Cdc42 localization or activity and in turn pre-
vents Cip4 function.
The identified role of PCH family of protein stems in part from
the biochemical analysis of Toca-1 as a regulator of actin po-
lymerization. Toca-1 is necessary to activate actin polymeriza-
tion and actin comet formation downstream of PIP2 and
Cdc42 in a WASp-dependent manner [34]. On the basis of ele-
gant biochemical assays, Toca-1 was further shown to be nec-
essary to alleviate the WIP inhibitory activity on WASp, in order
to allow efficient Arp2/3 activation by WASp [34]. Toca-1 was
proposed to play an essential role in the fine spatial and tem-
poral regulation of actin polymerization in both cell migration
and vesicle movement. Cip4 has been implicated in microtu-
bule organizing center (MTOC) polarization in immune natural
killer cells [35], a process in which Cdc42 and the Par complex
are also involved [36]. Importantly, because Cip4 was shown to
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1644Figure 3. Cip4 Is a Downstream Effector of Cdc42 Regulating E-Cad Endocytosis
(A) Schematic of Drosophila Cip4 domains and yeast-two-hybrid assays: the EFC (Extended FC) domain, which contains the FCH (FER-CIP4 Homology aa
31–122) domain and a coiled-coil region (aa 151–186); the HR1 (protein kinase C-related kinase Homology Region 1) domain; and the SH3 (Src Homology
region 3) domain. Yeast-Two-Hybrid assays showing the interaction of Cdc42 and Cip4. The Cip4 bait, which does not activate HIS3-gene expression on its
own, but not the Cip4 deleted of its HR1 domain (Cip4DHR1) interacts with the Cdc42V12 prey.
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1645bind microtubules [37], the interaction between Cdc42 and
Cip4 might indicate that Cip4 might also be an effector of
Cdc42-Par complex in the regulation of MTOC polarization.
In mammalian cells, regulation of endocytic-vesicle forma-
tion has been proposed to be dependent upon both branched
actin-filament formation and Dynamin (for review [38] and see
also [39, 40]). The role of WASp and Arp2/3 in the regulation of
E-Cad endocytosis may therefore indicate that Cip4, which is
also known to form dimers [41], can promote vesicle scission
by recruiting Dynamin and promoting actin polymerization
via WASp. Therefore, we propose that Cip4 and WASp act as
a link between Cdc42-Par6-aPKC and the early endocytic ma-
chinery to regulate E-Cadherin endocytosis in epithelial cells
(Figure S5).
Experimental Procedures
Fly Stocks
The following fly stocks were used (see flybase for reference): cdc423, an
EMS strain bearing the lethal missense mutation G114A; par6D226, a par6
null allele lacking the first 221 residues of Par6; aPKCK06403, a P element con-
taining strong hypomorphic aPKC allele; bazXi106, an EMS baz null allele;
arp3EP3640, a strong hypomorphic P element arp3 allele; wasp1, a hypomor-
phic wasp allele bearing a 34 nucleotide deletion that results in a frameshift
after residue G260 of the protein and termination after eight additional
residues; and shits1, an EMS thermosensitive dynamin allele (restrictive tem-
perature 29C –34C) and UAS > waspHD construct that carries a wasp con-
struct with H242D mutation that is unable to interact with Cdc42 [31]. For the
cip4 dsRNA construct (UAS > cip4RNAi1), cip4 coding sequences from +1084
to +1433, containing no repetitive sequence motives, were cloned as an
inverted repeat into pWIZ [42]. UAS > cip4RNAi2 and UAS > cip4RNAi3 were es-
tablished as single insertions from the double-insertion stock 15015R-3
from NIG-FLY (Japan), which targets Cip4 coding sequences from +278 to
+778. Unless otherwise indicated, experiments were performed out with
the UAS > cip4RNAi1 transgene.
Clones were recovered from pupae of the following genotypes: (1) ubx >
flp, cdc423, FRT19A/ubi > nls-GFP, FRT19A; ubi > E-Cad-GFP/+, (2)
par6D226, FRT 9-2/ubi > nls-GFP, FRT9-2; hs > flp/+, (3) hs > flp; FRTG13,
aPKCK06403/FRTG13, ubi > nls-GFP, and (4) bazXj106, FRT9-2/ ubi > nls-
GFP, FRT9-2;; hs > flp/+. Mutant clones were generated by heat-shocking
L1 and L2 larvae for 1 hr at 37C.
Whole-tissue analysis was performed on pupae and larvae with the fol-
lowing genotypes: (1) ap > Gal4, E-Cadherin-GFP/+; UAS > cip4RNAi2/+ at
29C, (2) ap > Gal4, E-Cadherin-GFP at 29C (control for RNAi experiments),
(3) ubi > E-Cad-GFP/+, (4) ubi > E-Cad-GFP/+; wasp1/Df(3R)3450, (5)
arp3EP3640, (6) shits1; ubi > E-Cad-GFP/+, (7) arm > Gal4/+; UAS > WASp,
wasp1/Df(3R)3450, (8) UAS > waspHD; arm > Gal4/+; wasp1/Df(3R)3450, (9)
arm > Gal4/UAS-cip4RNAi3, (10) arm > Gal4/UAS > cip4RNAi3; wasp1/
Df(3R)3450, and (11) en > Gal4/+; UAS-cip4RNAi2/+.
Immunocytochemistry
Pupal nota were dissected from staged pupae and fixed and stained as de-
scribed in [2]. Primary antibodies were rat anti-E-Cad (DCAD2, 1:1000,DSHB), mouse anti-FasIII (1:50, DSHB), guinea pig anti-Ed (1:100, gift from
J.-C. Hsu), rabbit anti-Lgl (1:1000, gift from F. Matsuzaki), rabbit anti-
aPKCzeta and goat anti-aPKC (1:1000, TEBU Santa Cruz), rabbit anti-Par6
(1:500, gift from J. Knoblich), rabbit anti-Baz (1:2000, gift from A. Wodarz),
rat anti-Crumbs (1:1000, gift from U. Tepass), mouse anti-Patj (1:250, gift
from U. Tepass), rabbit anti-Lva (1:5000, gift from J. Sisson), mouse anti-
Rab11 (1:100, BD Transduction Laboratories), and rabbit anti-Rab5 (1:100,
gift from M. Gonzalez-Gaitan). Rat anti-E-Cad was labeled with Cy3-NHS
ester (GE Healthcare). Rabbit anti-Cip4 antibodies were generated against
a GST-Cip4 fusion protein. The GST-Cip4 protein was expressed in E.coli
and purified with a gluthatione resin under native conditions. Rabbits
were immunized with purified protein by Davids Biotechnologie (Germany).
Affinity-purification was done with NHS-activated sepharose (Amersham).
Endocytosis Assay and Binding Assay
Endocytosis Assay
Wing discs were dissected from crawling third instar larvae in ice-cold
Schneider’s Drosophila medium supplemented with 10% fetal-calf serum.
After dissection, we made a small cut underneath the wing pouch to allow
antibody binding to the apical AJs of epithelial cells. The binding of Cy3-
labeled rat anti-E-Cad was allowed for 20 min in ice-cold medium. Remain-
ing antibody was removed by washing the wing discs five times with ice-
cold medium. The wing discs were mounted on slides and imaged on a Zeiss
LSM 510 confocal microscope at 25C or 29C.
Binding Assay
Pupal nota were dissected in Schneider’s Drosophila medium (GIBCO-BRL,
Europe) supplemented with 1% fetal-calf serum and 1 g/ml of 20-OH ecdy-
sone (Sigma-Aldrich, Europe). The nota were incubated with E-Cad anti-
body diluted at 1:100 in the dissection medium for 30 min at 4C. After three
washes in Schneider’s Drosophila medium at 4C, nota were fixed. E-Cad
antibodies were detected with Cy3-coupled rat antibodies.
Pull-down, Yeast-Two-Hybrid Assay, and Immunoprecipitation
The cip4 templates, coding for amino residues 1-331 and 332-631, respec-
tively, were prepared from two rounds of PCR with appropriate primers for
T7-primed protein synthesis and 35S radiolabeling. The plasmid coding for
GST-Drosophila-Cdc42 was a kind gift of A. Gautreau. GST pull-downs
were performed according to [2], except that the immobilized GST proteins
were pretreated with either 1 mM GDP or 1 mM GTP-gS plus 10 mM MgCl2
supplement for 20 min at 37C.
The coding sequences for Cip4, Cip4DHR1, which was generated by de-
leting nucleotides +1138 to +1365, Cdc42G12V,C189S were cloned into
pDEST22 or pDEST32 (Invitrogen). The Cdc42C189S mutation prevents
Cdc42 prenylation and its targeting to the membrane. The reporter yeast
strain AH109 (Invitrogen) was transformed with the prey and bait vectors
and grown on selective medium. HIS3-reporter-gene expression measured
by growth on Leucine2, Threonine2, and Histidine2 dropout medium indi-
cates an interaction between the prey and the bait.
For coimmunoprecipitation, 107 Drosophila S2R+ cells transfected with
either Cip4-GFP or WASp-GFP were harvested and lysed in 1 ml ice-cold ly-
sis buffer (50 mM Tris [pH 8], 120 mM NaCl, 1% Triton 100, and protease in-
hibitor cocktail) (Roche). Lysates were centrifuged 30 min at 10,000 x g to
yield the cytoplasmatic supernatant. The cytoplasmic supernatant was sub-
jected to immunoprecipitation with polyclonal Cip4 antibody immobilized
by protein A beads (30 ml). 30% of the immunoprecipitates were separated(B) GST-Cdc42 loaded with GTPgS interacts with 35S-labeled C-terminal domain (aa 332–631) ofDrosophilaCip4 but not with 35S-labeled N-terminal domain
(aa 1–331). The Coomassie staining shows GST and Cdc42-GST protein.
(C) S2 cells extracts prepared from S2R+ cells expressing Cip4-GFP or GFP-WASp were subjected to immunoprecipitation (IP) with anti-GFP, anti-Cip4, and
control IgG. The immunoprecipitates were examined by western blotting (WB) with anti-WASp.
(D) In cip4RNAi cells, E-Cad-GFP (green in [D]) accumulates in punctate structures in the apical region.
(E and F) Endocytosis assay. Confocal detection of Cy3-E-Cad antibodies on living wing discs: Cy3-anti-E-Cad (red) in cip4RNAi cells allowing a chase of
0 min (E) and 30 min (F) are shown. Arrows indicate endocytosed Cy3-E-Cad punctate structures. Time is indicated in minutes in the upper-right corner
of the panels.
(G–G00 0) Cip4 localizes at the apical cortex in wild-type cells (red in [G] and [G00 0]) in which it partially colocalizes with E-Cad (green in [G0] and [G00 0]) and aPKC
(blue in [G00] and [G00 0]).
(H and I) Cip4 accumulates intracellularly in cdc42 (55%, n = 9; red in [H]), par6 (33%, n = 9; red in [I]), and aPKC (40%, n = 5; not shown). Mutant cells are
identified by the absence of nls-GFP (not shown) and outlined with a white dotted line.
(J) E-Cad-GFP (green) accumulates in cdc42 mutant cells within a cip4RNAi tissue. cdc42 mutant cells are identified by the absence of nls-GFP (not shown)
and outlined with a white dotted line. Note that the surrounding cells are cip4RNAi cells and display an intracellular accumulation of E-Cad-GFP.
(K–M) aPKC (green in [K]), Crb (red in [L]), and Rab11 (green in [M]) localization in cip4RNAi2 cells. The asterisk indicates a sensory precursor cell.
(N) Time-lapse microscopy on E-Cad-GFP (green) in cip4RNAi cells in the notum. Arrows mark a tubular structure that detaches from the cortex to form
a punctate structure (indicated by arrowheads). Time is indicated in seconds in the black box beneath the images. Scale bars in all panels represent 5 mm.
Current Biology Vol 18 No 21
1646Figure 4. Loss of WASp or Arp3 Function Is Associated with the
Formation of Long Tubular Endocytic Structures
Confocal detection of E-Cad-GFP and E-Cad in living and fixed
nota (A, D, and G) and of Cy3-E-Cad antibodies on living wing
discs (B, C, E, F, and H).
(A and D) E-Cad-GFP (green in [A]) and E-Cad (green in [D]) in liv-
ing wasp mutant cells (A) and on fixed arp3 (D) mutant cells.
(B, C, E, and F) Cy3-anti-E-Cad (red) in wasp (B and C) and arp3
(E and F) mutant cells allowing a chase of 0 min (B and E) and
30 min (C and F). Arrows indicate endocytosed Cy3-E-Cad punc-
tate structures. Time is indicated in minutes in the upper-right
corner of the panels.
(G) Rapid time-lapse microscopy on E-Cad-GFP (green) in wasp
mutant cells in the notum. Arrows mark the tubular structures
that detach from the cortex to form a punctate structure (indi-
cated by arrowheads). Time is indicated in seconds in the upper
right corner of the images.
(H) Time-lapse microscopy on Cy3-E-Cad antibody (red) in arp3
mutant wing discs. The arrow marks the tubular structure that
detaches from the cortex to form a punctate structure (indicated
by arrowheads). Time is indicated in seconds in the upper-right
corner of the images.
(I) Quantification of punctate structures (dots) in wild-type (WT)
cells, cdc42 mutant cells, cip4RNAi cells (average of the results
obtained with the cip4RNAi1 and cip4RNAi2 transgenes), wasp mu-
tant cells, arp3mutant cells, and control cells for the RNAi exper-
iments. Dots per cell were counted. The graph represents the oc-
currence of the dots counted per cell in percentage of all cells
counted. The columns represent the data for wild-type cells
(n = 88 cells), cdc42 mutant cells (n = 82 cells), cip4RNAi1-
expressing cells (n = 815 cells; with 44.4% having zero dots,
18% having one dot and 37.6% having more than one dot),
cip4RNAi2-expressing cells (n = 159; with 30.2% having zero
dots, 22.6% having one dot, and 47.2% having more than one
dot), cdc42 mutant cells expressing cip4RNAi1 (n = 78), wasp mu-
tant cells (n = 96 cells), arp3 mutant cells (n = 287 cells), and cells
for the control for the RNAi experiments (n = 740 cells). arp3 mu-
tant tissues were analyzed after fixation.
(J) Quantification of the tubular structures in wild-type (WT) cells
and cdc42, cip4RNAi, wasp, and arp3 mutant cells as well as in
control cells for the RNAi experiments. Quantification was per-
formed on E-Cad-GFP expressing living tissue except for arp3
mutant tissue in which it was performed on fixed tissue stained
for E-Cad. The red part of the columns represents the percent-
age of cells for the different genotypes in which tubules were ob-
served (up to three tubules per cell were observed), the blue part
represents the percentage of cells in which no tubules were ob-
served (n = 1084 cells for wild-type, n = 230 cells for cdc42 mu-
tant cells, n = 747 cells for cip4RNAi cells, n = 652 cells for wasp
mutant cells, n = 134 cells for arp3 mutant cells, and n = 740 cells
for the control for the RNAi experiments).
(K) Quantification of endocytosis assay. Apical punctate struc-
tures (dots) were counted in wild-type (WT) cells, cdc42 mutant,
control, and cip4RNAi-expressing cells (average of the results ob-
tained with the cip4RNAi1 and cip4RNAi3 transgenes), in wasp and
arpmutant cells, in cip4RNAi3,waspmutant cells, in arm > WASp-
expressing cells in wasp mutant animals, and in arm > waspHD-
expressing cells in wasp mutant animals. Cy3-E-Cad binding at
4C (0 min) with n = 160 cells for wild-type; n = 83 cells for cdc42
mutant cells; n = 356 for control cells; n = 275 cells for cip4RNAi1;
n = 292 cells for cip4RNAi3; n = 310 cells for wasp mutant cells;
n = 175 cells for arp3 mutant cells; n = 401 cells for cip4RNAi3,
wasp mutant cells; n = 260 for arm > UAS-WASp in wasp mutant
animals; and n = 394 for arm >waspHD in wasp mutant animals are shown. Chase of 30–40 min with n = 171 cells for wild-type; n = 111 cells for cdc42 mutant
cells; n = 335 for control cells; n = 448 cells for cip4RNAi1; n = 246 cells for cip4RNAi3; n = 466 cells for wasp mutant cells; n = 194 cells for arp3 mutant cells;
n = 374 cells for cip4RNAi3, wasp mutant cells; n = 429 for arm > UAS-WASp in wasp mutant animals; and n = 372 for arm > waspHD expressing cells in wasp
mutant animals was performed. For cip4RNAi1, 99.3% of the cells displayed zero dots and 0.7% of the cells displayed one dot at time point zero. After
30–40 min, 89.5% of the cells displayed zero dots, 8.9% of the cells displayed one dot, and 1.6% displayed more than one dot. For cip4RNAi3, 98.6% of
the cells displayed zero dots, 1% of the cells displayed one dot, and 0.4% displayed more than one dot at time point zero. After 30–40 min, 86.6% of
the cells displayed zero dots, 11.8% of the cells displayed one dot, and 1.6% displayed more than one dot. The blue part of the columns represents the
percentage of cells showing no dots, the red part represents the percentage showing one dot, and the yellow part represents the percentage of cells show-
ing more than one dot (up to three dots were observed). Scale bars for all panels represent 5 mm.
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1647per lane on standard SDS-PAGE, and proteins were analyzed by Western
blots using a guinea pig WASp antibody (1:1000 [43]) or a mouse Dynamin
antibody (1:200, BD Biosciences). The input control was 10 ml of the original
lysate.
Imaging
Images were acquired on a Zeiss LSM 510. Live imaging was carried out as
described in [44] at 25C or 29C. Images were processed and assembled
with ImageJ and Adobe Photoshop. When needed, images were composed
with Metamorph so that the same apical plan of the epithelial cells could be
shown. Wild-type and mutant tissue were fixed and stained in parallel and
mounted on the same slide. Images of wild-type and mutant tissues were
acquired with the same confocal setting. After acquisition of fixed samples,
image levels were adjusted in wild-type and mutant tissues and images
were cropped to fit the panel size with Photoshop. Gamma was not ad-
justed. Live acquisition for E-Cad-GFP and E-anti-Cy3-E-Cad antibody up-
take experiments were acquired in wild-type and mutant tissue with identi-
cal confocal settings. They were then visualized and quantified with ImageJ.
Levels of selected images were then adjusted on wild-type and mutant tis-
sues with Photoshop. Selected images were resized with Photoshop.
Gamma was not adjusted. Apex-size quantification at the level of the AJs
marked by E-cad-GFP was performed with ImageJ. Cell apexes were se-
lected with the polygonal selection tool and the ImageJ Measure Function
was used for determining the area in mm2 of the selected region.
Supplemental Data
Supplemental Data include five figures and two movies and can be found
with this article online at http://www.current-biology.com/supplemental/
S0960-9822(08)01341-9.
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